8 9 During development and wound healing, cells need to form long-ranged ordered structures to 10 ensure precise formation of organs and repair damage. This requires cells to locate specific 11 partner cells to which to adhere. How such cell matching reliably happens is an open problem, 12 particularly in the presence of biological variability. Here, we use an equilibrium energy model 13 to simulate how cell matching can occur with subcellular precision. A single parameter -14 encapsulating the competition between selective cell adhesion and cell elasticity -can 15 reproduce experimental observations of cell alignment in the Drosophila embryonic heart. This 16 demonstrates that adhesive differences between cells (in the case of the heart, mediated by 17 filopodia interactions) are sufficient to drive cell matching without requiring cell 18 rearrangements. The model can explain observed matching defects in mutant conditions and 19 when there is significant biological variability. We also demonstrate that a dynamic vertex 20 model gives results consistent with the equilibrium energy model. Overall, this work shows 21 that equilibrium energy considerations are consistent with observed cell matching in 22 cardioblasts, and has potential application to other systems, such as neuron connections and 23 wound repair. 24 130 Figure 2: Simulating heart matching (A) Definition of cell mismatch. r=1,2 denotes two contralateral rows of 131 cardioblasts. (B,C) When different cell types are not present (as in svp -/-), the resulting heart has severe 132 mismatching defects. (D) Cells can deform elastically from their rest length with a compressibility K and cell-cell
Introduction 25 26
During development, cells interact collectively to form tissues and organs through a series of 27 morphological transformations, driven by cell proliferation, rearrangements, migration and 28 death 1-4 . When these processes fail, the final shape of the tissue can be defective, resulting in 29 diseases, including cardiomyopathies 5 and neurological defects 6,7 . During organogenesis, cells 30 often need to identify specific cells to which to adhere. A classic example is formation of 31 human facial structures 6 ; cells initially undergo long-ranged migration from distinct regions of 32 the neural plate before forming precise connections to create structures such as the lip. Errors 33 in this process lead to birth defects such as cleft lip and facial cleft 7 . During neurogenesis, 34 neurons also need to form precise linkages to their synaptic partners 8-10 with severe 35 consequences if these processes fail. A range of molecules have been identified that are 36 involved in cell matching, predominantly from neuronal systems [11] [12] [13] [14] . These molecules include 37 cytoskeletal, adhesion, and force transducing proteins. However, the underlying mechanisms 38 by which the information from these different components is integrated by the developing 39
tissue to form precise connections remain unknown. 40
41
In most tissues, there are multiple cell types with stereotypic spatial positions. For example, 42 formation of the eye requires precise cell fate determination and positioning 15, 16 , even within a 43 growing domain 17 . In the developing heart, cardioblasts take on different fates depending on 44 expression of (highly conserved) transcription factors 18 . Periodic patterns of cells can also be 45 generated from lateral inhibition 19, 20 . Such periodic patterns need to be maintained across large 46 distances, even as tissues undergo large-scale morphological changes. 47 48 Theoretical modelling of tissue formation has helped increase our understanding of how cells 49 pack 21 , form compartment boundaries 22 , generate complex tissue shapes [23] [24] [25] [26] , and ensure 50 regulated growth 27 . Lateral inhibition can create a wide variety of patterns depending on the 51 feedback mechanisms 28 . Recently, vertex models have been used to understand cell structure 52 in epithelia 29, 30 . Although biological systems are inherently dynamic, equilibrium statistical 53 mechanics can be a powerful tool for understanding suitable biological processes. An example 54 of such a case is cell packing in the eye, where analogies with soap bubbles provide an effective 55 tool for understanding formation of the Drosophila retina 31 . 56
Here, we develop a model of cell matching where differential adhesion energy constraints 58 between cells drives the process of matching. We apply this to the developing Drosophila 59 embryonic heart, where the process of cardioblast cell matching has recently been quantified 32 . 60
The Drosophila embryonic heart is comprised of two lines of cardioblasts that migrate together 61 over a period of a few hours, Figure 1A , and they express either Tinman (Tin, the Drosophila 62 homolog of mammalian Nkx2.5) or Seven-up (Svp), Figure 1B , in a repeating 4-2 pattern 33 . 63
As cardioblasts approach each other, the cells adjust position, via filopodia interactions 64 between cardioblasts, to align accurately with their contralateral partners, Figure 1C -D. 65
Specific adhesion molecules are expressed within the different cardioblast types: Fasciclin III 66 (Fas3) in Tin-positive cardioblasts; and Ten-m in Svp-positive cardioblasts, Figure 1E . Cell 67 matching in the heart, as defined in Figure 2A , depends on the differential spatial expression 68 of these adhesion molecules 32 , Figure 2B -C. Motivated by these observations, we construct a 69 biophysical model of the cell-cell interactions to test whether such differential adhesion is 70 sufficient to drive cell matching. We then use this model to test how both structural and genetic 71 perturbations alter cell matching. This model provides a biophysical framework in which to 72 understand how cells find specific partners during development. 73
74
Results 75 76
Mapping of adhesive interactions between filopodia onto an equilibrium energy state 77
To simulate cell matching, we developed an energy-based model that accounts for the spatial 78 constraints between cells and the adhesion competition between different cell types. In the 79 Drosophila heart, differential adhesion between cells is mediated by filopodia contacts, which 80 have a spread of contact times 32 , from a few seconds to over five minutes. As justified below, 81 the underlying principle of the model is that these differential filopodia adhesion times between 82 adhering cells can be mapped onto effective adhesion energies. In the model, the overlap between facing cells results in an adhesion energy Δ = − . , where 100
x denotes the length of the cell contact interface and is the adhesion energy per unit length 101 between the two cells, Figure 2D . Cellular compressibility for each cell is encoded by an 102 effective elastic energy 89 = ( =899 − # ) ? , corresponding to the cost of deforming the cells 103 away from their preferred cross-sectional width; is the effective cell compressibility along 104 its leading edge, =899 the cell length and # the cell rest length, Figure 2D . We only focus on 105 the apical leading edge of the cells as this is where the process of cell alignment is occurring. 106
Combining the energy scales, we can express effective energies for two cell types, denoted by 107 a and b: 108
(1) 110
(2) 111 112 0+ denotes the adhesion energy per unit length between cells of type a and b, x and y denote 113 the total alignment overlap with cells of the same and different types respectively, and #,0 and 114 #,+ represent the equilibrium lengths for the different cell types. 115 116
Filopodia activity results from the interplay between active fluctuations and adhesion 117
interactions with other filopodia. The active alignment of the heart takes place over a period of 118 around 30 minutes, whereas the average binding time of filopodia is 1-5 minutes. In the 119 following, we assume that the heart has enough time during the active alignment process to 120 reach equilibrium. 121
122
To simulate the evolution and equilibration of configurations of heart cell, we use a Metropolis 123 algorithm incorporating mechanical fluctuations induced by filopodia activity as an effective 124 temperature, see Figure 2E and Methods for further details. We define cellular mismatch by 125 identifying the fraction of cell boundaries that are not correctly aligned with their 126 corresponding opposite cell, Figure 2A . In this definition, a perfectly aligned tissue has 127 mismatch of 0, while a fully misaligned system has a mismatch of 1. The tissue mismatch is 128 then taken as the average over all cell mismatches. 129
Minimization of interfacial energy constraints are sufficient to explain cell alignment in 140 the wildtype Drosophila heart 141
We apply our model to the developing Drosophila heart, where quantitative data for cell 142 matching is available 32 . As well as incorporating the effective energy differences, we need to 143 implement within the simulation a representative pattern of cell types. In the Drosophila heart, 144
Tin-positive cardioblasts express Fas3 at high levels and Svp-positive cardioblasts express 145
Ten-m. We translate this into different adhesion energies per unit length between Tin-positive 146 cardioblasts ( )) ), Svp-positive cardioblasts ( EE ), and between Tin-and Svp-positive 147 cardioblasts ( E) ), similar to the outline given in Figure 1B cardioblasts are brought into close contact. To initiate the cellular arrangement, we assume that 151 the cells at the two ends of the heart are perfectly aligned and are at their resting length initially. 152
To model geometric disorder, we take the length of the apical surfaces for Tin-positive and 153
Svp-positive cardioblasts as #,) and #,E respectively. These lengths are simulated as Gaussian 154 variables of mean #,) F80and #,E F80with standard deviation #,) GH. and #,E GH. , extracted from 155 experimental quantification of cell size ( Figure 2F ). We construct the simulated heart as two 156 rows of cells formed by a succession of four Tin-positive cells and two Svp-positive cells 157 patterns, with a total number of N1 =52 cells (number of cells in a heart row, Figure 1B and 158 2G). Each cell length is picked as a random variable according to the rest lengths distributions 159 ( Figure 2F ). However, we constrain the total lengths of the two rows to be identical (Methods). 160 161 Initial cell matching without adhesion energy: We first consider the question: are the boundary 162 constraints alone sufficient to ensure robust cell matching? To answer this, we take initial 163 conditions that mirror experimentally measured cardioblast size and position ( Figure 2F -G) but 164 with no adhesion energy (i.e. )) = EE = E) = 0), Figure 2D . As we take cells at their initial 165 rest length, no equilibration is needed and we calculate the mismatch of the initial condition. 166
We simulate N2 = 30 embryos with confinement of different sizes, and calculate the ensemble 167 mismatch in cell alignment. This results in a mismatch increasing with system size, Figure 2H . where all cells are of the same type, Figure 2C . In summary, geometric disorder, induced by 171 cell size variability, is too large to enable precise cell matching merely by boundary constraints. 172 of selective adhesion impacts alignment. We first explore matching variations with only one 187 cell type adhering, i.e. we vary ϵ KK alone with ϵ LL = 0 ϵ KL = 0, Figure 3A -C. We compute 188 mismatch evolution of the embryo as a function of simulation iterations and take its value once 189 it reaches a steady-state value, Figure 3C . The final mismatch for a single embryo simulation 190 is averaged over 30 embryos. We find that the final mismatch decreases with increasing 191 adhesion level. We then explored two cell types with selective adhesion by using different 192 combinations of ϵ KK and ϵ LL with ϵ KL = 0, Figure 3D . Different combinations of ϵ KK and ϵ LL 193 can lead to the same alignment. By systematically varying ϵ KK , ϵ LL and ϵ KL , we see that the 194 equilibrium mismatch is determined by the parameter = (N OO PN QO )R(N QQ PN QO ) S , representing the 195 competition between cells due to differential adhesion and cell compressibility, Figure 3E . 196 Here, corresponds to the typical length change that adhesion differences can generate for a 197 single cell. For = 0µ , there is no energy cost for different cell types to have a contact 198
interface. The mismatch corresponds to the random case simulated in Figure 2H ; similar to the 199 Svp -/mutant, where all cells are of the same type. Mismatch decreases with increasing , 200 reaching a plateau around mismatch of ~ 0.07, dashed line in Figure 3E . This implies that, 201 beyond a certain level, increasing differential adhesion only weakly improves matching. 202
203
We measure spatial variations of the mismatch, denoted by m, Figure 3F . We find that m is 204 minimal at the Tin-Svp interface, as any contact between different cell types has some adhesion 205 energy cost for > 0µ , Figure 3G . Alignment of cells inside a block of homogeneous cell 206 types in the high limit is determined by the boundaries imposed by the highly aligned cells 207 at the interface between different cell types. Within a region of Tin-positive cells, the level of 208 cell mismatch converges towards the non-adhesive random case with N = 4, Figure 3H . The 209 mismatch between Svp-positive cells is similar to the random adhesion case with N = 2. The 210 geometric variability in the lengths of the cell leading edges means that cells never reach zero 211 mismatch even at very high adhesion values. Interestingly, for small values of , the pattern of 212 cell mismatch is inverted, as geometric variability is higher for Svp cells. 213
214
Comparing the spatial profile of cell matching to the experimental data, we see that for > 215 1µ the mismatch profile agrees well with experiment, Figure 3G Perturbing the expression profiles of Fas3 and Ten-m, results in altering of the cardioblast cell 227 matching 32 . We next ask whether the model can reproduce these observations. To that end, we 228 use Figure 3E to estimate g for wild type and mutants conditions ( Figure 4A-C) given the 229 experimentally measured cell mismatch. We do not know the specific effective energy levels 230 associated with different adhesion interactions. To relate the values of )) , EE and E) to the 231 underlying dynamics, we assume that they depend on the energy scales of homophilic 232 interactions of Fas3 ( 00 X0GY ) and Ten-m ( 00 )8-), e.g. )) ≈ )) X0GY + )) )8-. 233
234
Our model predicts that mutants erasing the differential pattern of expression of Fas3 and Ten-235 m lead to g = 0 µ and a mismatch equal to the random case. This is the case for the double 236 mutant of Fas3 -/and Ten-m -/and the mutant svp -/- (Figure 4A,B) . For the wild type, we find 237 [) ~ 0.5 µ which is smaller than the value [) ~ 1 µ found by fitting the experimentally 238 measured spatial variation of mismatch ( Figure 3G ). However, this difference could be 239 explained by the shallowness of the mismatch curve for g > 0.5 µ . Assuming that there is no 240 interaction between Fas3 and Ten-m, we expect that [) = X0GY + )8-F . Using the 241 measured matching in mutants of Fas3 Fas3 -/and Ten-m Ten-m -/-, we estimate the 242 contributions to [) from the different adhesion molecules, and find X0GY + )8-F~[) ~0.5 243 µ ( Figure 4B) . 244
245
Our simple additive model of energies is consistent with other mutant observations. When Fas3 246 is overexpressed in Svp cells using Svp-Gal4, Fas3-UAS expressing embryos, we expect g to 247 be the same than for the mutant Fas3 -/-, which is the case (Figure 4B-C) . When the level of 248
Fas3 in Svp-positive cells is reduced using embryos expressing Svp-Gal4 > Fas3-RNAi-UAS, 249 EE is reduced compared to wildtype, but so is E) as direct interactions between filopodia with 250 Fas3 is reduced between different cell types. We find a g similar to the wild-type case showing 251 that E) is small compared to EE and )) . 252 
257

Robustness of cell matching to perturbations 258 259
Here, we probe the robustness of the system to perturbations in cell number by considering 260 variations in cell type specification. Within wildtype embryo populations, we observe 261 variability in the spatial pattern of cardioblast specification. For example, we have observed 262 embryos with three and five Tin-positive cardioblasts in a sector, as well as a solitary Svp-263 positive cardioblast, and an additional one ( Figure 5 ). Even when cell number is perturbed, we 264 observe that the boundaries between different cell types are typically well defined. To test the 265 model, we implemented different initial patterns of cardioblasts but otherwise kept parameters 266 identical to the wildtype scenario with g = 0.5 µ . The system equilibrates to a state with clear 267 boundaries between the different cell types and cells deform to align boundaries. This 268 demonstrates that having two complementary adhesion processes is robust to perturbations in 269 the structure of the heart as it develops. To evaluate how differential adhesion modulates cell matching dynamics, we used a vertex 286 approach to model the time evolution of vertices at the interface between the two facing rows 287 of cells, Figure 6A (see Methods). By analogy with the equilibrium energy model used 288 previously, vertices are submitted to elastic forces corresponding to effective elasticity and 289 adhesion forces in the cell. We assume that adhesion produces a negative tension, which 290 extends cell-cell contact interfaces. The sum of these contributions results in a force which, 291 when divided by an effective friction coefficient, gives the vertex velocity. We explore the 292 simple case of equal tensions, KK = LL = − # and KL = 0 with a fixed and friction 293 coefficient, ξ. Varying # , keeping other parameters fixed, shows a lower limit to cell matching 294 accuracy, as the time evolution of cell matching collapses onto a single curve for large # , 295 Figure 6B . This limit is consistent with our equilibrium model. At high adhesion differences, 296 the cell mismatch first undergoes a rapid decrease, which is adhesion-dependent. This 297 corresponds to the phase of heterogeneous cell types boundaries shrinking. Below a mismatch 298 of ~0.2, the boundaries between cell types are perfectly aligned, Figure 6C . The mismatch 299 between cells of the same type decreases with slower, adhesion independent, dynamics that are 300 friction dependent, Figure 6D . Overall, we see that dynamically incorporating differential 301 adhesion gives similar results to our equilibrium approach, supporting our above assumptions. The idea of effective temperatures in developing systems has also recently been used to 310 describe jamming transitions during zebrafish development 36 . Our model shows that cell 311 matching results from the interplay between cell-cell interactions (mediated by filopodia and 312 specific adhesion molecules) and cell deformability. According to our model, the level of 313 differential adhesion found in the wildtype heart is close to the minimal level required to obtain 314 a well-aligned heart as the value g = 0.5 corresponds to the point where the mismatch curve in 315 function of g starts to flatten. We find that Fas3 and Ten-m contribute almost equally to the 316 matching process. Furthermore, we demonstrate than increasing differential adhesion 317 indefinitely does not accelerate the matching process beyond a certain point as the final 318 alignment phase is adhesion independent. 319
320
A key result of our model is that short-ranged constraints (i.e. adhesion differences between 321 two cell types) can propagate long-ranged order. We show that generating periodic segments 322 of different adhesion molecules (i) aligns these segments at their interfaces and (ii) alignment 323 inside each segment is due to geometric confinement and decreases with the segment size. 324
325
Our work has potential application to other biological systems. During neurogenesis -where 326 precise connections between neurons are required -Notch signalling (involve in lateral 327 inhibition) has recently been shown to regulate neuronal wiring 10 . Formation of the vasculature 328 requires cell migration to precise locations and this is mediated by filopodia protrusions and 329 lateral inhibition 37 . During wound healing, cells need to repair wounds by forming precise 
